Abstract: Periplocin, an active and toxic component of the traditional Chinese herbal medicine Periploca sepium Bge, is a cardiac glycoside compound that has been implicated in various clinical accidents. This study investigated the role of transporters in the intestinal absorption and biliary excretion of periplocin, as well as the possible metabolic mechanism of periplocin in liver S9. In a bidirectional transport assay using Madin-Darby canine kidney (MDCK) and MDCK multidrug-resistance protein (MRP)-1 cell monolayers, both in situ intestinal and liver-perfusion models were used to evaluate the role of efflux and uptake transporters on the absorption and biliary excretion of periplocin. In addition, in vitro metabolism of periplocin was investigated by incubating with human/rat liver S9 homogenate fractions to evaluate its metabolic mechanisms in liver metabolic enzymes. The results showed that P-glycoprotein (P-gp) was involved in the intestinal absorption of periplocin, whereas MRP2 and breast cancerresistance protein were not. The efflux function of P-gp may be partly responsible for the low permeability and bioavailability of periplocin. Moreover, both inhibitors of P-gp and organic anion-transporting polypeptides (OATPs) increased periplocin biliary excretion. No obvious indications of metabolism were observed in the in vitro incubation system, which suggests that periplocin did not interact with the hepatic drug metabolic enzymes. The results of this study showed that the efflux and uptake transporters P-gp and OATPs were involved in the absorption and biliary excretion of periplocin, which may partially account for its low permeability and bioavailability. As a toxic compound, potential drug-herb/herb-herb interactions based on OATPs and P-gp should be taken into account when using P. sepium Bge in the clinic.
Introduction
Cortex periplocae, also known as xiangjiapi or beiwujiapi in traditional Chinese medicine (TCM), is the root of Periploca sepium Bge and has been historically used in the People's Republic of China. P. sepium Bge has been used for relieving rheumatic conditions and strengthening the bone and the musculature for thousands of years. In recent years, an increasing number of bioactivities of cortex periplocin have been recognized, including tumor suppression and anti-chronic heart failure function. 1, 2 Clinical observation on treatment of 147 cases of chronic congestive heart failure by a xiangjiapi mixture showed that the effective rate of xiangjiapi mixture is higher than the digoxin group, while the side effects showed no difference. 3 Periplocin (also named periplocoside) is a cardiotonic glycoside compound in xiangjiapi that may be the main ingredient responsible for the improvement of chronic congestive heart failure. 4 However, arrhythmia is a common side effect that occurs during high plasma submit your manuscript | www.dovepress.com
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liang et al concentrations of periplocin. Therefore, periplocin is not only a main active component but also a potential toxic compound in P. sepium Bge. To avoid the occurrence of periplocin side effects and even potential clinical accidents, it is essential to elucidate the mechanism of its actions. Drug transporters are recognized as key players in the processes of drug absorption, distribution, metabolism, and elimination. These transporters mainly belong to the adenosine triphosphate-binding cassette (ABC) superfamily or the solute-carrier group of membrane transport proteins. The ABC superfamily includes P-gp, breast cancer-resistant protein (BCRP), and multidrug resistance (MDR)-associated protein (MRP), whereas organic anion transporters, organic anion-transporting polypeptides (OATPs), and organic cation transporters are members of the solute-carrier superfamily. The expression of transporters varies among different tissues and organs. 5 The major transporters involved in the intestinal absorption and biliary excretion of drugs across the canaliculus membrane include P-gp, MRP2, BCRP, and OATPs. 6 Various in vitro models have been developed to investigate the relationship between transporters and specific drugs using various cell lines, such as Caco-2, MDR1-Madin-Darby canine kidney (MDCK), BCRP-MDCK, and MRP2-MDCK. 7 In addition to in vitro models, in situ models, such as singlepass intestine perfusion, have been used to investigate drug absorption and transport. On the other hand, drug-metabolism enzymes pertain to another group of factors that are involved in in vivo drug disposition. In the past few years, a growing number of drug-drug interactions (DDIs) and drug-herb interactions (DHIs) associated with metabolic enzymes and transporters have been the focus of extensive research studies, especially in terms of evaluating drug toxicities. 8 It has been previously reported that the bioavailability of periplocin is very low in rats, and most unchanged forms are rapidly eliminated through the bile. 9 Meanwhile, the chemical structure of periplocin (Figure 1 ) is similar to that of digoxin, which is actively transported across the sinusoidal membrane into hepatocytes through OATPs and secreted into biliary canaliculi through P-gp. 10 As a result, efflux transporters present in the intestinal membrane may play a major role in periplocin absorption. Furthermore, the efflux transporter P-gp and the uptake transporter OATP may also be involved in the biliary excretion of periplocin. These transporters may account for the low bioavailability and biliary excretion of periplocin. Therefore, the purpose of the present study was to determine the relationship between periplocin and drug transporters and to investigate the metabolic mechanism of periplocin in liver S9. These investigations will facilitate in understanding the potential DDIs/DHIs between xiangjiapi and other herbs or compounds. The MDCK-MDR1 cell line and in situ liver/intestine-perfusion models were used to evaluate the action of the efflux transporters P-gp, MRP2, BCRP, and OATPs, which are involved in the transport of periplocin in rats. Meanwhile, the hepatic metabolism mechanism of periplocin was also investigated by incubation with liver S9 homogenate fractions (S9).
Materials and methods Materials
Peristaltic pumps and thermal insulation blankets were purchased from Ji'ande'er (Shanghai, People' cell culture MDR1-MDCK cells were maintained in DMEM supplemented with 10% FBS, 300 µg/mL G-418, and 1% NEAA. MDCK cells were also maintained in DMEM containing 10% FBS, 100 µg/mL-100 U/mL penicillin-streptomycin, and 1% NEAA at 37°C in an atmosphere of 5% CO 2 and 95% relative humidity. Cells were passaged at 80%-90% confluence every 2-3 days using trypsin-EDTA solution.
11 Cells were passaged three times before seeding for further experiments. For the transport studies, 24-well Millicell inserts were preincubated in the culture medium (30 
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Potential toxicity risk of periplocin based on transporters MDCK-MDR1 cells were replaced 24 hours after seeding and again every other day. Transepithelial electrical resistance values across the monolayers were measured using the Millicell ERS Volt-Ohm Meter (EMD Millipore) before and after each experiment to ensure monolayer integrity. MDCK cells and MDCK-MDR1-cell monolayers with transepithelial electrical resistance values $80 Ωcm 2 and 90 Ωcm 2 , respectively, were used for the transport assay. All transport studies were conducted at 37°C. Periplocin cytotoxicity on MDCK cells was evaluated using an XTT-based colorimetric assay, according to a published protocol. 12 
Bidirectional transport of periplocin
Transport assays were conducted as previously described. 13 Prior to experimentation, cell monolayers were washed twice with HBSS (with 25 mM 4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid and 0.35 g/L NaHCO 3 , pH 7.4). Monolayers were equilibrated for 30 minutes at 37°C with HBSS. Triplicate sets of wells were used to assess the transport of test compounds. Periplocin solutions (75 and 100 µM) were added in either the apical (AP, 0.4 mL) or basolateral (BL, 0.6 mL) side of the inserts. Plates were incubated at 37°C, with shaking at 60 rpm. At 20-, 40-, 60-, 80-, 100-, and 120-minute time points, a 50 µL aliquot of the periplocin solution was withdrawn from the receiver chamber, and the chamber was immediately replenished with prewarmed HBSS. The concentrations of periplocin were immediately analyzed by high performance liquid chromatography (HPLC; 600E; Waters, Milford, MA, USA). The inhibition studies using cell monolayers were performed by using HBSS containing 10 µM CsA, instead of a blank HBSS.
in situ intestinal perfusion
The in situ single-pass intestinal perfusion procedure has been optimized. 14, 15 Rats were anesthetized by administration of urethane (140 mg/kg, intraperitoneally), and then each rat was placed on a thermal insulation blanket to maintain their body temperature at 37°C, which was measured by inserting a thermometer into the rectum. The rats were kept under a warming light during all experiments. A 3-4 cm midline abdominal incision was made, and approximately 10 cm of the proximal jejunal segment (15 cm average distance of the outlet from the pylorus) was carefully exposed; one end was connected to flexible polyvinyl chloride tubing, and one end was connected to a smooth glass tube. The isolated segment was rinsed using a syringe containing a 37°C KrebsRinger buffer (pH 6.8) that consisted of 7.8 g/L NaCl, 1.37
After initiation of perfusion, periplocin solution with or without CsA was perfused at a flow rate of 1 mL/minute using a peristaltic pump. After 10 minutes, the flow rate of the perfusion solution was changed to 0.2 mL/minute. A steadystate condition was achieved after 30 minutes of perfusion at a flow rate of 0.2 mL/minute. The perfused samples were collected at 10-minute intervals for a total of 90 minutes by using an autosampler. The surgical area was covered with a wet pledget, and drops of saline (37°C) were added to the pledget to avoid disturbing the circulatory system during the whole perfusion process. The test tubes used in the sample collection were weighed before and after collection. The samples were transferred into 1.5 mL Eppendorf tubes and stored at 4°C until analysis. At the end of the experiment, the perfused intestinal segment was sliced along the axis without stretching the organ, and carefully opened along the mesenteric root. The width and the length of the intestinal segment was measured and recorded as accurately as possible. All the decisions on the selection of the inhibitors of P-gp, MRP2, and BCRP were based on previous reports. [16] [17] [18] in situ liver perfusion A previously developed in situ liver perfusion method was used with minor modifications. 19, 20 Briefly, male Sprague Dawley rats were anesthetized using urethane (140 mg/kg) prior to surgery. After a "V" cut was made on the abdomen to expose the liver, the hepatic portal vein, superior vena cava, and bile duct were exposed and cannulated. The livers were perfused in situ with oxygenated Krebs-Henseleit buffer (pH 7.4; NaCl [6.92 
, and glucose [3.0g/L]) at a flow rate of 20 mL/minute to provide sufficient oxygen-carrying capacity. After 20 minutes, which was the optimal time for the liver to stabilize, the inhibitors (verapamil/rifampicin) were added to the reservoir 10 minutes before the addition of periplocin. Liver viability was assessed by observing the organ's gross morphology and by monitoring bile flow during the perfusion. Taurocholate (0.5 µmol/ minute, in saline) was infused into the perfusate reservoir to maintain bile flow, and the temperature was maintained at 37.5°C through the use of a warming light and a heating carpet. Bile samples were collected at 30-minute intervals, and the volume was determined gravimetrically (specific gravity 1.0). The perfusate (0.5 mL) was sampled every 10 minutes for 2 hours, and immediately centrifuged to obtain the supernatant for analysis. After perfusion, the livers were weighed 
in vitro incubation of periplocin with human/rat liver s9
This procedure was conducted according to the manufacturer's instructions, with minor modifications. 21 The
hPlc analysis
Quantification of periplocin in the supernatant was conducted by reversed-phase HPLC. A Waters 1100 HPLC system consisting of a quaternary pump with a degasser, a thermostated column compartment, a variable wavelength detector operated at 220 nm, an autoinjector, and Waters Empower software. The HPLC separation was performed on a Waters Xterra C18 column (5 µm, 150×4.6 mm) with a guard C18 column maintained at 30°C. The mobile phase consisted of acetonitrile-water at a ratio of 25:75 (v/v) and a flow rate of 1.0 mL/minute. The injection volume was 60 µL. A calibration curve was constructed by performing a regression linear analysis of the area under the concentration curve versus concentration. Method validation of the selectivity, precision, accuracy, linearity, and stability were conducted to ensure the feasibility of the analytical method.
Calculation of the efficient permeability coefficient
The efficient permeability (P eff ) through the rat intestinal wall in the single-pass intestine-perfusion studies was determined using the "plug flow" model and expressed using the following equation with a derivation. 22 The net water flux, resulting from both water absorption and efflux in the intestinal segment, was determined by the gravimetric method. The equation was expressed as follows:
Apparent permeability, efflux ratio, and net efflux ratio
The apparent permeability (P app ), efflux ratio (ER), and net efflux ratio (NER) were calculated as follows:
where dC/dt (µM/second) is the amount of dr ug transported per time, V R (cm 3 ) is the volume in the receiver chamber, C o (µM) is the concentration in the donor chamber at zero time, and A is the Millicell insert surface area,
where P app(B-A) is the P app value measured in the BL to the AP direction, and P app(A-B) is the P app value measured in the AP to the BL direction, and
where ER (MDR1-MDCK) is the efflux ratio obtained from the P-gp-transfected cells, and MDCK-MDR1 is the efflux ER (MDCK) obtained from the wild-type control cells -MDCK. The passive transport of drugs in MDCK and MDCK-MDR1 cells was estimated using Equation 7 , including its derivation. Unidirectional flux values (absorptive P app(AP→BL) and secretory P app(BL→AP) ) were calculated according to following equations. Assuming that an active efflux affected the transport of a test compound, the active efflux was calculated for each concentration according to the following equations. No evidence showed whether uptake transporters took part in the absorption of periplocin, and thus uptake transport P app(uptake) was taken into account:
and
From equations 5 and 6, P app(passive) was deduced using the following equation:
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Results
in situ intestinal perfusion
As shown in Figure 2 , the results of the permeability evaluation showed that the P eff of periplocin in the proximal jejunum was concentration-dependent. Compared with the permeability coefficient of the reference drugs, the P eff (1.90±8.63)×10 −5 cm/second was similar to the P eff of atenolol (a low-permeability drug), but significantly lower than that of metoprolol (a high-permeability drug). In Figure 3 , both the P-gp inhibitors verapamil and CsA significantly increased the permeability of periplocin, whereas the MRP2 inhibitors indometacin and probenecid and the BCRP inhibitor novobiocin showed no obvious effects on the intestinal absorption of periplocin. The efflux transporter P-gp showed involvement in the transport of periplocin.
Bidirectional transport
The permeability (P app ) of periplocin in MDCK cell monolayers was P app =(2.980±0.003)×10 −6 cm/second using a concentration of c=75 µM and P app =(3.430±1.200)×10 −6 cm/second at a concentration of c=100 µM. These experiments showed that periplocin has weak permeability. The transport-rate values of periplocin in MDCK-MDR1 cell monolayers in the BL-AP direction were much higher than those in the AP-BL direction at both 75 µM and 100 µM concentrations. The inhibition effects on the efflux of periplocin across MDCK and MDCK/MDR1 cell monolayers were investigated by incubating reaction mixtures together with the P-gp inhibitor CsA. By co-incubating with 10 µM CsA, the efflux ratio of periplocin at 75 µM and 100 µM significantly decreased (Table 1) . After CsA administration, the net efflux ratios decreased, which suggests that the efflux transport of periplocin was inhibited by CsA through the action of P-gp.
in situ liver perfusion Both Noé et al 23 and Funakoshi et al 24 reported that digoxin is a substrate of OATP2. Considering the structures of digoxin and periplocin are similar, we assume that the periplocin may also be transported by OATP2. The results demonstrated our hypothesis. Our results (Figures 4 and 5) showed that verapamil (a P-gp inhibitor) and rifampicin (an OATP inhibitor; it is not only an inhibitor of OATP2 but also some other OATP isoforms, at least for OATP1A2/1B1/1B3/2B1) significantly reduced the elimination rate of periplocin in the perfusate and biliary excretion of periplocin within 120 minutes. In vitro incubation results showed that periplocin (1 µg/mL and 3 µg/mL) in the human/rat liver S9 incubation system was stable for 120 minutes (relative standard deviation ,3%). The concentration of periplocin in the incubation mixture remained the same (data not given). Although periplocin might have been metabolized to some extent, it could not be detected by HPLC, which suggests that periplocin is not a compound that is mainly metabolized by liver enzymes, and as a glycoside, hydrolysis by intestinal flora might be the main elimination route for periplocin. 25 
Discussion
Herbal medicine and their active ingredients have been widely used around the world. In clinical medicine, a growing number of DDIs/DHIs involving drug metabolic enzymes and transporters have been identified. In fact, herbal medicine is not as safe as previously thought, and frequently result in serious clinical accidents. 26, 27 Potential inhibition or activation effects of a herb or its ingredients on the drug transporters or metabolic enzymes may lead to herb-drug/ herb-herb interactions. It is thus essential to examine the main active ingredients of specific herbal medicines in relation to clinical safety.
In situ intestine perfusion has been proven to be an accurate method for evaluating the permeability of chemicals and a common model for studying P-gp-mediated transport. 16, 28 In the present work, all the processes were in accordance with US Food and Drug Administration guidelines. 29 Briefly, atenolol was chosen as the low-permeability reference compound, and metoprolol was selected as a critical compound with high permeability. 30 The results verified that periplocin is a low-permeability chemical and is transported by P-gp but not by MRP2 or BCRP. Two concentrations of the P-gp inhibitor CsA (10 µM and 20 µM) were used to elucidate the permeability of periplocin, and the P eff of periplocin significantly increased after full inhibition of P-gp. These results suggest that P-gp plays an important role in the absorption of periplocin. The uptake transporters were not investigated in this study.
In situ liver perfusion showed that OATPs were potential drug transporters of periplocin, which thus accounts for the biliary excretion of periplocin. Meanwhile, the P app(uptake) of periplocin at concentrations of 75 µM and 100 µM were lower than that of the reference drugs, showing low permeability as previous reported. In our study, periplocin was also transported by P-gp; therefore, periplocin is likely to be mediated by P-gp in both humans and rats. The present work supports the view that P-gp and OATPs inhibitors could 
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Potential toxicity risk of periplocin based on transporters increase the absorption and decrease the biliary excretion of periplocin. That means the bioavailability of periplocin would be increased. It is known that the high serum concentration of cardiac glycoside would increase the toxicity risk. Tuncok et al 31 reported that the toxicity-reaction rate was 5%-15% after administration of digoxin at a conventional dose. Mao et al 32 found the increase of the toxicity-reaction rate depends on the increase of digoxin blood concentration after investigating 288 patients. Clinical data have also shown that 90% of patients receiving quinidine (P-gp inhibitor) treatment showed an obvious increase in the blood concentration of digoxin; 33 as a result, coadministered P-gp and or OATP inhibitors with periplocin should be avoided.
Drug metabolic enzymes play an important role in the transformation of drugs. The liver S9 homogenate fractions are very important in vitro tools for investigating drug metabolism because these are rich in metabolic enzymes such as flavin monooxygenases, monoamine oxidases, COrelated enzymes, and cytochrome P450 enzymes. 34, 35 In this study, periplocin showed no indications of metabolism in incubation systems using human and rat liver S9 fractions, which indicates that drug metabolic enzymes in the liver S9 were minimally involved in the transformation of periplocin. Previous studies on the metabolism of periplocin showed that hydrolysis under the function of intestinal bacterium was a main metabolic pathway of periplocin. 25 Wang et al 9 stated that the total excretion of periplocin and its hydrolysate in urine and feces is lower than 14%, 9 which means other metabolic pathways like phase II metabolism may play an important role in the metabolism of periplocin. Phase II metabolism of periplocin should be checked in further research.
In summary, periplocin is a compound with low permeability and strong metabolic stability, as observed in in vitro metabolic systems using liver S9. P-gp was involved in the transport of periplocin in vivo. Furthermore, OATP1A2, OATP1B1, OATP1B3, and OATP2B1 may also play roles in the transport of periplocin. As a result, DDIs/DHIs based on the drug transporters OATP and P-gp should be considered 
Drug Design, Development and Therapy
Publish your work in this journal
Submit your manuscript here: http://www.dovepress.com/drug-design-development-and-therapy-journal Drug Design, Development and Therapy is an international, peerreviewed open-access journal that spans the spectrum of drug design and development through to clinical applications. Clinical outcomes, patient safety, and programs for the development and effective, safe, and sustained use of medicines are a feature of the journal, which has also been accepted for indexing on PubMed Central. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. 
